We present an experimental comparison between two x-ray phase-contrast imaging techniques currently under development, speckle tracking and beam tracking. The comparison is centered on the absorption and ultrasmall-angle scattering signals retrieved with polychromatic radiation from homogeneous and inhomogeneous samples of different thicknesses. Our analysis shows that the ultrasmall-angle scattering signal retrieved with speckle tracking does not increase linearly with the thickness for the inhomogeneous sample, and is different from zero for the homogeneous sample. The results obtained from beam tracking, instead, are in good agreement with the expectation.
I. INTRODUCTION
X-ray imaging is an important tool for the study and investigation of the internal structure of specimens in a large variety of fields. When x rays propagate through a material, they can be attenuated and/or refracted, depending on the chemical composition and density of the material's internal structures. The different attenuation properties of different materials constitute the only contrast mechanism in standard x-ray radiography. This is mainly because the angles at which x rays are refracted are particularly small, of the order of microradians or below. In x-ray phasecontrast imaging (XPCI), instead, refraction induced by the sample is translated into intensity modulation on the detector. This mechanism can result in a drastic increase in image contrast with respect to standard radiography, especially for low-absorbing materials. When the structures refracting x rays are smaller than the resolution of the imaging system, a third effect occurs, often referred to as ultrasmall-angle x-ray scattering (USAXS) in the literature [1] [2] [3] . XPCI has been implemented with different approaches; some of the most commonly used methods include free-space propagation [4] [5] [6] , analyzer-based imaging [7, 8] , grating interferometry [9] [10] [11] , and edge illumination [12, 13] . Recently, alternative XPCI methods have been proposed, based on the analysis of the distortions induced by the sample to a reference pattern created through an optical element. The reference pattern can be created using the self-image of a phase grating [14] , the near-field speckle pattern from a random object [15] [16] [17] , or the projection image of a slit or an absorbing mask [18] [19] [20] [21] . In particular, grating interferometry [2] , edge illumination [3] , speckle tracking [17] , and beam tracking [21] have been successfully implemented with polychromatic laboratory sources, and dedicated algorithms have been developed to retrieve the absorption, refraction, and scattering signals of the sample. The beam-tracking method is an implementation, in the hard x-ray regime, of the Hartmann wave-front sensor, using laminar beamlets. The same concept can be found in the patent presented by Wilkins in 1995 [22] , and in some later studies [23, 24] .
The possibility to extract the scattering signal is important in many applications [25] [26] [27] [28] [29] [30] , as it provides information on the micrometric structure of the sample that is not accessible through the other contrast mechanisms. The USAXS signal, in fact, originates from small structures in the sample that result in a variation of its projected index of refraction on a scale smaller than the effective resolution of the imaging system [31, 32] . Moreover, it has been shown that, when monochromatic radiation is used, the scattering signal produced by microstructured samples increases linearly with the sample thickness, thus allowing its implementation in tomography for the reconstruction of the three-dimensional scattering map of a sample [33] . However, recent studies have shown that, when polychromatic radiation is used, a spurious scattering signal can be retrieved with grating interferometry, edge illumination, speckle tracking, and beam tracking, and that this spurious signal originates from the variation of the x-ray mass attenuation coefficient of the sample with energy [21, [34] [35] [36] . As a result, a scattering signal can be retrieved also from homogeneous objects, making the interpretations of scattering images obtained with the cited methods ambiguous in terms of sample microstructures. Strategies to correct for these artifacts are also presented in Refs. [21, 36] for the beam-tracking and grating interferometry methods. Although no study has been presented yet, the results shown in Ref. [21] suggest the possibility that the scattering signal retrieved in edge illumination could be corrected in a similar way to the one proposed in Ref. [21] .
The studies reported so far, however, only consider the signal retrieved from a homogeneous object. The aim of this work is to study how the scattering signal retrieved with polychromatic radiation in speckle tracking and beam tracking varies with the thickness not only for a homogeneous, but also for an inhomogeneous sample. Here "homogeneous" is used to indicate an object made of a single material with constant or slowly varying (compared to the resolution of the imaging system) projected thickness, while the term "inhomogeneous" refers to samples with internal structures smaller than the system resolution. The scattering signal should increase linearly with the sample thickness for inhomogeneous objects, and be equal to zero for homogeneous ones. In this study, we compare the beam-tracking and speckle-tracking methods due to the similarity and simplicity of the two approaches.
II. METHODS
The experimental setups used are shown in Fig. 1 . The same source and detector are used for the two configurations. The source is a microfocus transmission tungsten target x-ray tube, operating at 50 kVp with a source size of about 3.5 μm. The detector is a CCD camera coupled through a fiber-optic plate to a Gadox scintillator with an effective pixel size equal to 4.54 μm (Photonic Science). For the setup in Fig. 1(a) , the speckle pattern is created through a piece of sandpaper with a mean grain size of 18.3 μm (P1000 of FEPA P-grit classification). The sourceto-sandpaper, sandpaper-to-sample, and sample-to-detector distances are 45.5, 8.5, and 86.5 cm, respectively. For the beam-tracking configuration [ Fig. 1(b) ], the absorbing mask is made of gold on a silicon substrate with a period and aperture size of 20 and 3 μm, respectively. In this case, the source-to-mask, mask-to-sample, and sample-todetector distances are 8.3, 1.7, and 90 cm, respectively. It is important to note that the two methods are implemented with different geometries and magnifications. For the speckle-tracking method, a certain propagation distance between the source and the sandpaper is necessary in order to increase the degree of coherence of the radiation; however, an excessive increase of this distance would result in lower flux and higher image noise. Regarding the distance between the sandpaper and the detector, a larger propagation distance would contribute to an increase of the speckle visibility, but it would also increase the requirements in terms of coherence of the radiation illuminating the sandpaper. The speckle pattern measured by the detector, in fact, can be considered as the near-field propagation-based phase-contrast image of the sandpaper [15] , and the coherence requirements for its formation can be analyzed in the framework previously developed for free-space propagation phase-contrast imaging [37] . The contrast transfer function (CTF) for the intensity pattern created through free-space propagation by a weak phase object illuminated by a monochromatic spherical wave can be approximated with the following expression [37] :
where u is the frequency coordinate in Fourier space, λ is the x-ray wavelength, z p is the sandpaper-to-detector distance, and M is the geometrical magnification equal to the source-to-detector distance divided by the sandpaperto-detector distance. The CTF is an oscillating function equal to 0 for u ¼ 0, and whose first maximum is found at a frequency value ofū ¼ ð2λMz p Þ −1=2 . For our setup, considering a mean energy of the radiation of 20 keV, we havē u ¼ 5.2 × 10 4 m −1 . The effect of finite source size (i.e., limited transversal coherence) and limited detector resolution can be described by a convolution of the intensity pattern with the projected source intensity distribution (PS) and the detector point spread function (PSF). Therefore, the CTF of an ideal system needs to be multiplied by the Fourier transforms of PS and PSF. The product of the last two functions can be interpreted as the modulation transfer function (MTF) of the system. For our particular experimental setup MTFðūÞ0.1. While this implies that the phase-contrast signal is substantially reduced with respect to the ideal case, it also means that the low-frequency part of the signal (for u ≤ū), although modulated, is preserved. Under the above conditions of finite source size and limited detector resolution, the effect of polychromaticity (i.e., longitudinal coherence) is of secondary importance, and does not significantly affect the phase-contrast signal obtained in free-space propagation [37] . For the beamtracking method it is important to keep the different beamlets created by the mask, and measured by the detector separated. For the particular setup used, the main source of broadening of the beamlets is the detector point spread function. For this reason, and for the relatively small period of the sample mask, we decided to use a high magnification value. The PSF of the detector used, in fact, is characterized by a relatively small full width at half maximum of approximately 10 μm, but also by the presence of long "tails". We estimate the width along the x direction over which the area of the PSF is 99% of the total to be of about 120 μm. If blurring due to source size and mask apertures is considered, this width becomes equal to ≈145 μm, while the period of the sample mask, magnified at the detector plane, is ≈240 μm. This ensures a good separation between the different beamlets. The two different geometries might affect differently the two methods in terms of sensitivity to the phase signal and resolution due to, for example, the different propagation distance and magnification. This, however, does not affect the main results of this study in terms of average absorption and ultrasmall-angle scattering signal retrieved from the different objects. The test sample used in the experiment is schematically represented in Fig. 2 . The top part consists of different layers of a plastic material; each layer is 850 μm thick and the number of layers increases from left to right. The bottom part consists of different layers of paper; each layer is made of three superimposed sheets, and the number of layers decreases from left to right. In the speckle-tracking configuration four images are acquired and averaged for each acquisition with an exposure time of 900 s per image, and four reference images without the sample are acquired and averaged with the same exposure time. Four different acquisitions are performed to cover the different areas of interest of the sample. In the beam-tracking configuration, each acquisition consists of an eight-step scan of the sample over one period of the mask magnified at the sample plane (dithering procedure), along the direction orthogonal to the mask apertures, with 900-s exposure time for each step. Also in this case four reference images are acquired and averaged without the sample with 900-s exposure time per image. Eight acquisitions are needed to cover the areas of interest of the sample. For each acquisition the integrated air kerma at the sample plane is approximately 0.4 and 0.7 Gy for speckle tracking and beam tracking, respectively. Four images, with 900-s exposure time per image, are acquired with the x-ray source off, and averaged to measure the detector dark current. Four images, with 900-s exposure time per image, are acquired with the x-ray source on and with no optical element and/or sample in the beam, and averaged to form a "flat-field" image. All experimental images are corrected by subtracting the detector dark current and dividing by the flat-field image minus the detector dark current.
An example of the speckle pattern obtained with the described setup is shown in Fig. 3(a) , and a profile extracted from the image is shown in Fig. 3(b) . The Fourier power spectrum of the speckle pattern shows a maximum at a frequency value equal to approximately 1=26 pixel −1 . This value can be considered as the inverse of the average period of the speckle pattern and will be used later to determine the window size used in the analysis of the speckle images. When a sample is introduced in the beam, the speckle pattern is locally distorted due to absorption, refraction, and scattering. This can be mathematically described by the following equations [17] :
Iðx; yÞ ¼ T½I 0 þ DΔI r ðx − δ x ; y − δ y Þ: ð3Þ I r is the reference intensity, measured without the sample, and is described as the sum of a constant term I 0 and an oscillating term ΔI r . I is the intensity measured when the sample is in the beam, and it is related to I r through the constant parameters T, D, δ x , δ y . T describes the absorption of the sample, and reduces the mean value of the intensity pattern; D describes the scattering of the sample, and reduces the visibility of the intensity pattern; δ x and δ y describe the refraction induced by the sample along the horizontal and vertical direction, respectively, and change the lateral position of the speckles. T, D, δ x , δ y are retrieved using the minimization procedure described in Ref. [17] . For each point ðx 0 ; y 0 Þ of the measured intensity pattern the following cost function is calculated:
and minimized with respect to T, D, δ x , δ y . wðx − x 0 ; y − y 0 Þ is a smooth circular window function centered in ðx 0 ; y 0 Þ, obtained from the convolution of two circular top-hat functions with a radii of 26 and 13 pixels. The resulting full width at half maximum of the window function is approximately 52 pixels, equal to twice the average period of the speckle pattern. Figure 3 (c) shows the image of the mask obtained with the beam-tracking setup, and an extracted profile is shown in Fig. 3(d) . For the case considered here, each reference beam has been described as the sum of a constant term and two Gaussian functions [21] :
The constant term describes the radiation transmitted through the gold layer of the mask. For an ideal system, this term should be as close as possible to zero; for this experiment, however, we use a mask with relatively high transmission through the gold layer to test the retrieval results in nonideal conditions. The number of Gaussian terms is arbitrary and chosen to best reproduce the experimentally observed beamlet shape. For this specific case each beamlet presents relatively long tails, and while the first Gaussian describes the central part of the beamlet, the second one is used for the tails. When the sample is introduced in the beam, its intensity profile can be described as [21] :
where T describes absorption, δ x refraction in the direction orthogonal to the mask apertures, and σ D scattering. Note that the radiation transmitted through the gold layer [A 0 in Eq. (5)] is partially absorbed by the sample [becoming B 0 , see Eq. (6)]; however, since in general, the spectrum of the radiation transmitted through the gold layer is different from the one traveling through the apertures, B 0 =A 0 ≠ T [21] . T, δ x , and σ D are retrieved by a multi-Gaussian fitting of the intensity profiles measured with and without the sample [21] . It is important to note that all the quantities retrieved with the two methods depend on the spectrum impinging on the sample and that this is different in the two cases. For the beam-tracking case, theoretical expressions for the dependency of T, δ x , and σ D on the source spectrum, detector energy response, and mask composition and thickness can be found in Ref. [21] . For the beam-tracking configuration, the sampling step is different in the two directions, as it is equal to the step used in the dithering procedure (≈3 μm) in the horizontal direction (x), and to the demagnified pixel size (≈0.45 μm) in the vertical direction (y). Experimental data are binned by a factor of 6 in the vertical (y) direction to reduce noise and obtain a similar sampling step in the reconstructed signals in the two directions. The binning procedure affects only the final resolution of the images and the level of noise, without changing the nature of the retrieved signals. While absorption and refraction are described through the same quantities in the two models [T and δ x in Eqs. (3) and (6)], the contribution due to scattering appears in different forms: as a loss of visibility in Eq. (3), and as an increase in the beam width in Eq. (6). These two descriptions are equivalent when the effect of scattering can be described as a convolution of the reference pattern with a Gaussian scattering function, and if the reference pattern is a periodic sinusoidal function. In this case it can be shown that
where D is the loss of visibility of the sinusoidal reference function, and σ D is the standard deviation of the Gaussian scattering function. For this reason, we will compare the signal − ln D, obtained from speckle tracking, with σ 2 D , obtained from beam tracking. Finally, it is important to note that, due to the one-dimensional structure of the pattern created through the absorbing mask [ Fig. 3(c) ], beam tracking is sensitive only to the refraction signal δ x along the x direction, while with speckle tracking it is possible to retrieve both δ x and δ y . Beam tracking could be extended to two-directional sensitivity by using a mask featuring an array of holes rather than long slits. Figure 4 shows the signals retrieved with the speckletracking configuration. The absorption signal in Fig. 4(a) is calculated as − ln T, while the scattering signal in Fig. 4(b) is calculated as − ln D. The refraction signals, retrieved as a variation of the speckles position at the detector, are displayed as refraction angles δ x =z sd and δ y =z sd in Figs. 4(c) and 4(d) , respectively, where z sd is the sampleto-detector distance. Similarly, Fig. 5 shows the signals retrieved from the beam-tracking configuration. In this case, the scattering signal is calculated as σ 2 D =z 2 sd . It can be seen how the images in Fig. 5 presents a higher resolution than the ones in Fig. 4 ; this, however, is not an intrinsic advantage of the beam-tracking technique over speckle tracking, but only a result of the particular geometry and acquisition scheme used for this experiment. Speckle tracking, for example, can be implemented in a "speckle-scanning" configuration [38] which allows higher resolution, and requires different images acquired while performing a raster scan of the scattering element. Additionally, the higher resolution of the beam-tracking configuration comes at the cost of reduced radiation efficiency due to reduced transmission through the mask compared to the sandpaper. Image resolution is not important for the purpose of our study, as we are interested in the area contrast of the absorption and scattering signals for different samples. 
III. RESULTS
We calculate ρð−δ x ; −δ y Þ over the same window used for the retrieval around each pixel in the 30 × 5 area mentioned before. The average values of ρð−δ x ; −δ y Þ obtained for the different materials and thicknesses are shown in Fig. 6 (e). Equation (6) assumes that scattering can be described as a convolution of the reference beam with a Gaussian scattering function. To test if the accuracy of this model is influenced by the sample material or thickness, we calculate the root-mean-square error between the experimental beam profiles and the Gaussian fit over the (80 × 20)-pixel area mentioned before. The obtained mean values are shown in Fig. 6(f) .
IV. DISCUSSION
The retrieved absorption signal is expected to increase linearly with the material thickness (neglecting the effect of beam hardening caused by the sample). This behavior is observed for both methods with both materials (plastic and paper). One important difference, however, is the absolute values of the retrieved absorption signal: the beam-tracking method provides lower absorption values than speckle tracking. This difference is likely to be caused by the different spectra of the radiation impinging on the sample in the two cases: the mask used in the beam-tracking setup has a 500-μm-thick silicon substrate, which acts as a filter, and increases the mean energy of the radiation on the sample.
The scattering signal shows significant differences between the two methods. For the plastic sample, a nonzero scattering signal is retrieved with speckle tracking, which increases linearly with the thickness of the material. This confirms the simulation results presented in a previous study [36] . Beam tracking does not appear to be affected by this problem, and the retrieved signal is approximately zero for the range of investigated thicknesses. The scattering signal retrieved from the inhomogeneous sample (paper) increases linearly with the material thickness, as expected, for the beam-tracking configuration, while it increases sublinearly in the speckle-tracking case. While it is not trivial to understand the cause of this behavior, an explanation can be found by analyzing how the cross-correlation between the speckle pattern measured with and without the sample changes for the different samples and material thicknesses [ Fig. 6(e) ]. The cross-correlation is approximately constant and near unity for the plastic sample, indicating that the "structure" of the speckle pattern is not altered by the plastic layers. This also confirms that the properties of the speckle pattern are not significantly modified by the beam hardening introduced by the sample to the x-ray beam [15] . A different result can be observed for the paper sample, for which the correlation decreases when the sample thickness increases. This result indicates that not only does scattering reduce the visibility of the speckle pattern, but it also changes its structure. A similar comparison has been performed for the beam-tracking case [ Fig. 6(f) ] using the root-mean-square error of the fit procedure. In this case, no clear trend can be observed.
V. CONCLUSION
We compare how the absorption and scattering signals retrieved in speckle-tracking and beam-tracking XPCI depend on the sample internal microstructure and thickness when polychromatic radiation is used. Both signals are expected to increase linearly with the material thickness, and no scattering should be retrieved from homogeneous materials. The linearity of the signal with the sample thickness is of particular importance for a tomographic application with laboratory sources of the two techniques. We find that the scattering signal retrieved in speckle tracking is different from zero and increases linearly with the thickness for a homogeneous plastic sample, while it increases sublinearly for an inhomogeneous sample made of paper. While the nonzero scattering signal retrieved from homogeneous objects is expected from simulations, it is not related to microstructure in the sample. Further studies should be conducted to understand the nature of these artifacts and the possibility to correct them. The scattering signal retrieved in beam tracking follows the expected trend for the range of thicknesses we have investigated. Finally, the absorption signal retrieved with both modalities follows the expected linear trend.
